Induced pluripotent stem cells (iPSC) are rapidly becoming the mainstay of *in vitro* human cell-based assays for both toxicology and drug discovery. This has been possible due to a slew of advances in the field, which include techniques for high efficiency homologous recombination using transcription activator-like effector nuclease (TALEN), zinc finger nucleases (ZFN) or clustered regularly interspaced short palindromic repeats (CRISPRs)/cas9 system[@b1][@b2][@b3][@b4], and the ability to make integration-free iPSC cost effectively from normal individuals and patients with monogenic and polygenic diseases. Combined with advances in differentiating iPSC into multiple cell types, this allows the same signaling pathways or the same mutation to be assessed in a common allelic background. The power of this approach has been demonstrated by multiple groups using human cells rather than the standard xeno models used in the past[@b5][@b6][@b7][@b8]. Other groups have used iPSC-based models to identify patients who might adversely respond to an approved drug therapy or discover new drugs to treat a disease[@b9][@b10][@b11][@b12][@b13].

Although these efforts clearly demonstrate the utility of using iPSC-derived cells for screening and toxicology assays, several issues have constrained the widespread use of such cells. Perhaps the biggest issues are the time periods required to differentiate iPSC into an appropriate phenotype, the purity of the differentiated cells, and the consistency of the differentiation process. Further constraints include the lack of isogenic lines to control for allelic variability, the difficulty in generating reporter systems, and the time required to select stable subclones for assays[@b14][@b15][@b16][@b17][@b18]. Several groups have begun to develop techniques to address these problems. For example researchers have shown that ZFN, TALEN and CRISPRs/cas9 systems provide efficient gene targeting technologies and allow one to develop safe harbor or lineage specific reporter system[@b19][@b20][@b21][@b22]. Our laboratories have also shown that it is possible to make GFP and luciferase reporter lines using a standardized targeting system for safe harbor sites where expression is not silenced during differentiation[@b21]. This has extended the range of targets for which iPSC-derived cells can be used.

To further extend the utility of iPSC and somatic cells for such assays we designed high efficiency TALEN to target safe harbor sites on chromosomes 19 (Chr. 19) and 13 (Chr. 13) to generate monoallelic and biallelic reporters. We further extended this targeting strategy to making lineage-specific reporters by targeting a Nanoluc-Halotag construct to the C-terminal of the GFAP and MAP2 genes. We demonstrated that these subclones recapitulate with high fidelity the lineage specific expression of the endogenous gene, and allowed detailed mapping of the differentiation processes. To enhance the flexibility of the targeting strategy, we developed a master cell line where different constructs can be rapidly replaced at the same site using the Cre-Lox system to generate multiple novel subclones with high efficiency. This enhanced efficiency permits cassette exchange even in cells that are further differentiated. We showed that neural stem cells could be readily targeted. Overall our results confirm that we have a novel platform for rapidly developing single and multiplexed reporter lines, and the high efficiency constructs can be used to make similar lines in other normal and patient specific lines.

Results
=======

Efficient targeting of Chr. 19 and Chr. 13 safe harbor loci in multiple lines with multiple constructs
------------------------------------------------------------------------------------------------------

We tested two safe harbor sites for efficient generation of knock-in (KI) reporters in iPSC via TALEN and ZFN-mediated homologous recombination[@b21][@b23]. The data presented here were by TALEN. The first site we targeted was the commonly employed AAVS1 site on Chr.19 and the second site we chose was the site on Chr.13. These sites have previously been shown not to be silenced[@b21][@b23]. Different promoters were evaluated and the CMV early enhancer/chicken beta actin (CAG) promoter appeared the most stable and was used for subsequent experiments (data not shown). Additionally, two different reporters were evaluated: Nanoluc (luciferase) for quantitation and sensitivity, and copGFP for its fluorescence intensity and stability, as well as our ability to get license to distribute the cell lines. Both reporters worked efficiently and a subset of the data is shown in [Fig. 1](#f1){ref-type="fig"} and [Sup. Fig 1](#s1){ref-type="supplementary-material"}.

The constructs and the schemas of generating KI iPSC lines at the two safe harbor sites with the reporter (e.g. copGFP) driven by the constitutively active CAG promoter are illustrated in [Fig. 1a--b](#f1){ref-type="fig"}. A well-characterized integration-free iPSC line, XCL1, was used as the parental line for all gene-targeting work described in this study unless specified otherwise. We first targeted the Chr. 19 site and after drug selection on 2 × 10^6^ post nucleofection cells we observed \~ 80 puromycin resistant colonies. From these drug resistant colonies, we analyzed 37 colonies for AAVS1-copGFP line by PCR and single cell colony cloning. Of them 12 clones were targeted on one allele and 25 were targeted to both alleles. Similar targeting efficacy was observed for the Chr. 13 site. A representative example of a monoallelic (heterozygote) and biallelic (homozygote) was shown in [Fig, 1c--d](#f1){ref-type="fig"} (homozygotes for the AAVS1-copGFP line and heterozygotes for the Chr13-copGFP line). Further sequencing of the PCR products confirmed the successful integration of donor constructs into appropriate genome loci ([Fig. 1c and 1d](#f1){ref-type="fig"}). The copy number of the donor vector in both AAVS1-copGFP (homozygote) and Chr13-copGFP (heterozygote) lines was validated by qPCR ([Fig. 1e](#f1){ref-type="fig"}) using the CAG-GFP-Chr19 iPSC line as a positive control (the copy number of this line was previously verified by Southern blot[@b21]). We showed that AAVS1-copGFP (homozygote) had two copies of the donor vector while the Chr13-copGFP (heterozygote) line had one copy of the donor vector. Quantitative expression of the insert allowed us to distinguish between a single copy insert and a multiple insertion. Since the levels we saw were consistent with a single or double copy insert, it was unlikely that a full copy insertion at an ectopic site. Combined with our PCR showing the correct gDNA recombination (1c & 1d), we concluded that our donor vector was successfully integrated into the right locus of the genome.

We then validated the reporter lines engineered by each of the safe harbor integration strategies. Genomic stability of a representative line (the AAVS1-copGFP line) was shown in [Sup Fig. 1a](#s1){ref-type="supplementary-material"}. When directly differentiated toward the neural lineage, the copGFP reporter in this KI line was not silenced as evidenced by continuous expression of GFP in nestin-positive neural stem cell (NSC) ([Fig. 1f](#f1){ref-type="fig"}). No gene silencing was observed during random differentiation via embryoid body formation as cells of the three germ layers differentiated from the AAVS1-copGFP line remained GFP-positive ([Sup Fig. 1b](#s1){ref-type="supplementary-material"}). In addition, copGFP reporter in the Chr13-copGFP line was tested and no gene silencing was detected in the derived NSC ([Fig. 1g & 1h](#f1){ref-type="fig"}).

To confirm that our safe harbor KI approach can be generalized, we created similar reporters in another well-characterized integration-free line, XCL5 (NCRM5). As an example, we generated a Chr13-Nanoluc-halotag line, similar to the Chr13-copGFP line in which a Nanoluc/HaloTag reporter was used instead of copGFP (construct not shown). We differentiated the line to a pure population of neurons or astrocytes via directed differentiation and confirmed no gene silencing in these lineages ([Sup. Fig.1c](#s1){ref-type="supplementary-material"}). Taken together, targeting at the safe harbor loci was both reliable and efficient. The cell lines obtained were stable, karyotypically normal and the reporters did not silence on random or directed differentiations. In addition, both sites could be targeted simultaneously, and both monoallelic and biallelic subclones could be identified.

Rapid exchanging of reporter cassettes in safe harbors in iPSC and progenitor cells using a master cell line strategy
---------------------------------------------------------------------------------------------------------------------

Although ZFN and TALEN increased targeting efficiency several-fold compared to the traditional gene targeting methods, we were unsure if the efficiency would be high enough that we could target non-pluripotent cells. This may be important when the differentiation process is very long or genes have toxic effects at some stages. We therefore redesigned our safe harbor site targeting strategy by utilizing constructs with multiple Lox sites, which allowed us to easily replace one reporter or promoter with another by Cre-recombinase mediated cassette exchange (RMCE). An example of such a vector design is illustrated in [Fig. 2a](#f2){ref-type="fig"}. In this construct, the CAG promoter driving the copGFP reporter cassette was inserted between lox2272 and lox511 sites with the appropriate orientation for RMCE. In addition, a puromycin resistant gene flanked by two different loxP sites was inserted at the endogenous promoter of AAVS1. Two insulator sites were also added in this line to prevent copGFP silencing ([Fig. 2a](#f2){ref-type="fig"}). To generate new reporter lines, daughter constructs containing any gene-specific or ubiquitous promoter driving a reporter gene can be inserted between a lox2272 and a lox511 site, and drug selection and loss of the previous insert can be used to identify appropriate clones.

We tested this strategy by replacing GFP driven by the ubiquitous CAG promoter in the AAVS1-copGFP line with a promoter-reporter construct using the neuronal lineage-specific promoter doublecortin (DCX) driving TagGFP ([Fig. 2](#f2){ref-type="fig"}) or Nanoluc (data not shown). In the DCX daughter construct, DCXp-TagGFP, a DCX promoter driving TagGFP together with a PGK promoter driving Neomycin resistant gene was cloned between lox2272 and lox511 sites ([Fig. 2a](#f2){ref-type="fig"}). In order to induce the RMCE, DCXp-TagGFP construct was co-transfected with a plasmid expressing Cre recombinase by the PGK promoter into established AAVS1-copGFP (a homozygote clone) iPSC line. After RCME, colonies that had lost green fluorescence were identified and picked for PCR verifications. Using primers designed specifically for targeting the "parental" and "swap" sequences, we were able to identify iPSC clones where cassette exchange had been successful ([Fig. 2b](#f2){ref-type="fig"}). Before cassette exchange, the master iPSC line AAVS1-copGFP constitutively expresses green fluorescence and is puromycin resistant. In the presence of Cre recombinase and DCX daughter construct, the puromycin gene is deleted via Cre-loxP mediated recombination, and "CAGp-copGFP" is replaced by the "DCXp-TagGFP-PGKp-Neo" cassette. Thus the new reporter line, named DCXp-TagGFP, is not puromycin but neomycin resistant and is not fluorescent at the iPSC stage ([Fig. 2c](#f2){ref-type="fig"}).

To confirm functionally appropriate expression in the DCXp-TagGFP reporter line created by cassette exchange, we used a directed differentiation protocol to induce neuronal differentiation as previously described[@b24]. As the cells differentiated toward the neuronal lineage, GFP-positive cells appeared ([Fig. 2d](#f2){ref-type="fig"}). Immunocytochemistry staining 6 days after differentiation confirmed that all green cells were specifically located with DCX antibody positive neurons ([Fig. 2d](#f2){ref-type="fig"}), validating the specificity of the DCXp-TagGFP reporter line.

To further confirm the utility of the master iPSC line strategy, we tested whether the RMCE can be extended to intermediate/progenitor stage cells as well. Given our extensive experience in neural lineage, we tested the RMCE at the NSC stage as a proof-of-concept. We first derived NSC from the AAVS1-copGFP iPSC line, which maintained strong green fluorescence through differentiation ([Fig. 1e](#f1){ref-type="fig"} & [2e](#f2){ref-type="fig"}). Following the same RMCE procedures as described for the iPSC ([Fig. 2a](#f2){ref-type="fig"}), DCXp-TagGFP daughter construct and Cre-expressing plasmid were co-transfected into AAVS1-copGFP NSC. No drug selection was used to enrich cells with successful RMCE, since our goal for this experiment was not to isolate single clones of NSC with correct cassette exchange. Instead, we analyzed the entire cell population and identified cells losing green fluorescence post transfection by fluorescence microscopy, indicating the successful event of RMCE ([Fig. 2e](#f2){ref-type="fig"}). Junction PCR was used to confirm that cassette exchange was indeed correctly induced in a subset of the NSC ([Fig. 2f](#f2){ref-type="fig"}). Overall these results showed that isogenic subclones can be rapidly generated at multiple stages of differentiation, which should allow expression of deleterious genes at specific stages of development.

Generation and lineage-specific expression of KI reporters
----------------------------------------------------------

Although lineage-specific constructs for some genes are available and some fragments are sufficiently small that they could be targeted to the safe harbor loci (see above DCXp-copGFP reporter), we wished to develop a KI strategy in genes that are expressed in specific lineages to allow the development of assays to identify regulators of development. Given our interest in neural development we chose to knock-in a Nanoluc-HaloTag construct ([Fig. 3](#f3){ref-type="fig"}) into the endogenous MAP2 locus, and the same reporter construct in endogenous GFAP allele. We elected to make monallelic lines and target the 3′ prime end of the gene to allow expression of normal levels of the endogenous gene. Both KI reporter lines were made in the XCL1 iPSC line to show that isogenic subclones could be obtained, but the same construct has been used in other NCRM lines as well. Specifically, ZFN pairs targeting the C-term of GFAP or MAP2 genes were designed and optimized. One pair cutting at \~ 130 bp after the stop codon of GFAP ORF and ZFNs targeting \~ 90 bp before the stop codon of MAP2 gene were selected in this study ([Fig. 3a & 3b](#f3){ref-type="fig"}). A donor vector consisting of a reporter cassette of a P2A peptide, a Nanoluc luciferase gene fused with a HaloTag, followed by a neomycin resistance gene was designed to be in frame with the C-terminal of the targeted genes ([Fig. 3a & 3b](#f3){ref-type="fig"}). After co-transfection with the donor vector and mRNA of the respective ZFN pair on 2 × 10^6^ cells and drug selection, we observed \~ 60 puromycin resistant colonies. Thirty-six drug resistant colonies from each line were picked for further analysis. Successful insertion of the reporter genes to either GFAP or MAP2 gene was confirmed by both PCR and sequencing analyses for 33 GFAP and 4 MAP2 clones ([Fig. 3c & 3d](#f3){ref-type="fig"}). Four clones of each reporter lines were selected and verified to be heterozygotes ([Fig. 3c & 3d](#f3){ref-type="fig"}). One of each validated GFAP-Nanoluc-KI and MAP2-Nanoluc-KI clone was chosen for further analysis as described below.

We first confirmed the positive expression of pluripotency markers and a normal karyotype in prolonged culture ([Sup. Fig. 2](#s1){ref-type="supplementary-material"}) of both GFAP-Nanoluc-KI and MAP2-Nanoluc-KI iPSC lines. We next induced neural differentiation via NSC formation from these two iPSC lines and tracked the expression of the reporter genes, Nanoluc and HaloTag, during lineage-specific differentiation ([Fig. 4](#f4){ref-type="fig"}). As expected, no luciferase signal was detected in GFAP-Nanoluc-KI or MAP2-Nanoluc-KI lines or NSC derived from them ([Fig. 4a, 4c, 4d & 4f](#f4){ref-type="fig"}).

For GFAP-Nanoluc-KI NSC, we monitored the expression of luciferase and HaloTag during astrocyte differentiation using a well-established protocol by our laboratory[@b5]. Starting from day 18 after the NSC stage, the luminescence intensity increased gradually as the cells differentiated to astrocytes ([Fig. 4a](#f4){ref-type="fig"}). In order to visualize expression of the reporter gene during differentiation, ligand that covalently binds to HaloTag was used to label live GFAP-Nanoluc-KI cells at different time points during astrocyte differentiation. HaloTag-labeled fluorescent cells were only observed after the differentiation, further confirming that the reporters were turned on specifically by the GFAP promoter as the cells differentiated into astrocytes ([Fig. 4c](#f4){ref-type="fig"}). We then tested the differentiated GFAP-Nanoluc-KI cells (D23 post differentiation) by immunostaining and found co-localization of GFAP and HaloTag antibodies in nearly 100% of the cells, indicating that the reporter genes in GFAP-Nanoluc-KI only turned on in the GFAP-positive cells ([Fig 4b](#f4){ref-type="fig"}).

Using a similar strategy, we monitored the expression of Nanoluc and HaloTag reporter genes in the MAP2-Nanoluc-KI cells during neuronal differentiation. We used a previously reported 2-week differentiation protocol to generate a pure population of mixed neurons from the NSC[@b25]. No detectable luminescence was observed until 12 days post differentiation ([Fig. 4d](#f4){ref-type="fig"}). No fluorescence was detected from HaloTag expression in MAP2 NSC prior to differentiation ([Fig. 4f](#f4){ref-type="fig"}). Expression of HaloTag was observed as more and more cells differentiated into neurons ([Fig. 4e](#f4){ref-type="fig"}). Importantly, HaloTag antibody only stained the MAP2-positive neurons, indicating the specific expression of the reporter from the endogenous MAP2 promoter. These results signify that a single luciferase or HaloTag gene is sufficiently sensitive to allow for live tracking of differentiation events.

To determine the minimal numbers of cells required for detectable level of Nanoluc, we measured the luminescence level of both GFAP-Nanoluc-KI astrocytes and MAP2-Nanoluc-KI neurons at different cell densities ([Fig. 4g](#f4){ref-type="fig"}). Less than 1 × 10^4^ cells were required for either GFAP-Nanoluc-KI astrocytes or MAP2-Nanoluc-KI neurons to be detected by luminescence in a 96-well format. This result suggested that the GFAP-Nanoluc-KI and MAP2-Nanoluc-KI reporters can be used to effectively and accurately track astrocytes or neurons during differentiation with small numbers of cells and in a high-throughput manner.

To further demonstrate that clones with multiple reporters can be made rapidly, we generated a stock of NSC from the MAP2-Nanoluc-KI subclone and targeted the safe harbor locus at the NSC stage. As expected, the targeted clone (the MAP2-Nanoluc-KI line) could be re-targeted and a dual reporter line could be readily generated (data not shown). Even higher efficiency was obtained when the clone was targeted at the iPSC stage, which was comparable to those seen in an untargeted line.

Although we did not observe any effects on adjacent genes or overall gene expression in the defined safe harbor sites[@b26], we had not however previously reported on the MAP2 and GFAP locus. Examination of these two lines by whole genome profiling did not show any alterations in gene expression at the iPSC stage (data not shown). However since these genes are only expressed in specific lineages we differentiated the lines into astrocytes and neurons respectively. We then specifically examined gene expression on Chr. 17 (where GFAP gene locates) and Chr. 2 (where MAP2 gene locates) and found no significant difference (Data included in a [Sup table](#s1){ref-type="supplementary-material"} which is available upon request). We then identified the genes adjacent to GFAP and MAP2 and looked for significant changes and no dramatic changes were seen ([Sup Table 1](#s1){ref-type="supplementary-material"}).

Overall, our results suggest that with a combination of safe harbor gene editing, cassette exchange tools, and the identification of lineage specific gene loci, one can rapidly develop single and multiplexed reporters that provide investigators to develop a repertoire of assays using reporters appropriate for their particular need.

Discussion
==========

One important feature of iPSC is that they can be engineered in multiple ways to be used for screenings, for developing therapeutic purposes, or for investigating disease mechanisms or processes. For instance, iPSC can be engineered to create ubiquitous reporters to develop enhanced assays, lineage-specific reporters to allow for stage-specific screening, or pathway and organelle reporters to allow for focused screening. To enable these strategies we have developed a novel iPSC-based platform for rapid development of reporter lines, which utilizes safe harbor sites, a master cell line strategy combined with CRE-mediated recombination, and linage-specific gene expression. Vector constructs used to generate these lines have been carefully designed, and promoters and reporters carefully chosen so that they can be multiplexed to provide ratio-metric measurements and quantitative analysis, or be used to monitor lineage-specific differentiation *in vitro* *and in vivo*. The methodology has been optimized to ensure that similar reporters can be made in multiple lines with similar efficiency and consistent readout. Furthermore, the assays can be multiplexed in the same isogenic line. [Fig. 5](#f5){ref-type="fig"} summarizes these approaches and the various reporters that can be generated as well as their utility.

Along with other groups, we have previously reported on safe harbors suitable for engineering in human ESC/iPSC lines[@b21][@b23]. The PPP1R12C/AAVS1 site is one of the best known genomic safe harbor (GSH) candidates in human genome[@b27][@b28][@b29][@b30], while the other site, CLYBL/Chr13, has been reported as a safe harbor site[@b26][@b31][@b32] though less studied. Further investigation will likely be needed for potential therapeutic applications[@b33]. Here we show that ubiquitous reporters (GFP or Luciferase driven by continuously expressed promoters) can be efficiently inserted into these two sites (PPP1R12C/AAVS1 and CLYBL/Chr13) by TALEN[@b34]. No reporters were silenced during directed differentiation or random differentiation in any of the safe harbor KI lines. Luciferase can be detected and quantified in media from as few as 10^4^ neurons or astrocytes differentiated from the KI lines in 96-well format, indicating the utility of such lines for high-throughput screening. In addition, we show that identical lines can be made in different allelic backgrounds, eliminating potential integration site effects.

The Nanoluc-HaloTag reporter construct offered several advantages. For example, it allows for simultaneous quantitative assessment and fluorescent imaging on demand for time-lapse imaging. By using small molecule ligands to HaloTag, one also has the advantage of choosing fluorescent signals, as its labeling is transient, which allows for other imaging modalities to be used when necessary. In addition, antibodies to the HaloTag are available allowing antibody labeling in fixed cells for archival purposes.

The limited availability of human cells of the central nervous system make iPSC derived neural derivatives a promising novel cell source for drug discovery and for improvement of existing drug development workflow, specifically for the evaluation of toxicity and efficacy of lead compounds. Most neural differentiation protocols currently available, however, produce a heterogeneous population of neuron and glial cells, making it difficult to interpret the mechanism of action of a given compound. Our neural lineage-specific KI reporter approach was designed to mitigate this problem, using a donor vector containing dual reporters of luciferase and HaloTag attached to the C-terminal of an endogenous lineage-specific gene. We chose to target MAP2 gene for neuron-specific reporter and GFAP gene for astrocyte-specific reporter, and validated lineage-specific expression of the reporters during lineage-specific differentiation. The MAP2-Nanoluc-KI line allows for real-time monitoring of neuronal differentiation, and the luciferase activity in the culture reflects the percentage of neurons. The non-disruptive assay format enables accurate and quantitative measurement of any compound on neurons specifically. Likewise, the GFAP-Nanoluc-KI line allows for tracking and quantitative measurement of astrocytes in culture. The fact that as few as 10^4^ cells (neurons or astrocytes) from these KI lines were needed to detect the luciferase activity in culture media makes our reporters/assays applicable for high-throughput and high content screening.

Although we did not find it necessary, it is important to note that because drug selection is incorporated via a T2A site downstream of the lineage specific promoter, it is possible to purify neurons and astrocytes for assays. Likewise, cells can be sorted using the fluorescent label allowing one to combine screening with gene expression analysis.

Our cassette exchange in iPSC and NSC show that clones can be rapidly generated in multiple stages of development. Although we tested only in the neuronal lineage there is no reason to suppose this will not work with any other intermediate progenitor. Indeed our preliminary results show that this works with mesenchymal stem cells and astrocyte precursors as well. The ability to use multiple reporters in the same site for different purposes is an invaluable benefit to having to generate new reporters or new lines and test their specificity and quality each time.

An additional advantage of our approach is that the same safe harbors, master and control lines can be used for other lineages. This would allow us to develop a database of drug responses or effects of a mutation in a single pathway in multiple cell types from a single allelic background. This has simply not been possible before and represents an advantage of iPSC-based screens when combined with reporter assays in a reference or control line. In summary, we provide a novel platform for the rapid generation of gene-targeted iPSC lines using a common donor vector, well-characterized site and a master line strategy. We believe that the availability of this toolbox and corresponding reagents will permit others to generate similar lines in different allelic backgrounds, and thus be of significant interest to the community, representing a novel application of genome editing.

Methods
=======

iPSC culture and gene targeting by ZFN/TALENs
---------------------------------------------

A subclone of each NCRM1 and NCRM5 integration-free iPSC line (NIH CRM), named XCL1 and XCL5, was obtained from XCell Science (Novato, CA) and used as the parental cells for all engineered work described in this study. iPSC were cultured as previously described[@b35][@b36] and maintained in feeder-free conditions on Matrigel (BD Biosciences, CA) coated dishes using mTeSR™1 media (STEMCELL Technologies Inc., Vancouver, Canada) following the manufacturer\'s protocols.

TALEN expression plasmids targeting safe harbor sites in Chr.13 and Chr.19 (AAVS1) were provided by NIH. ZFN expression plasmids targeting the C-term of MAP2 and GFAP genes were purchased from Sigma (St. Louis, MO). Each plasmid DNA was linearized by XbaI for mRNA production and purification following modified manufacturer\'s protocols.

Donor vector design and construction
------------------------------------

A backbone vector containing a puromycin resistant gene flanked by two loxP sites and a CAG promoter driving copGFP cassette was constructed between the lox2272 and lox511 sites. Insulator expressing genes were used to generate AAVS1-copGFP donor vector targeting to the AAVS1 site at Chr.19 ([Fig. 1a](#f1){ref-type="fig"}). A 754 bp left homologous arm and an 838 bp right homologous arm were amplified by PCR from XCL1 (Xcell Inc, CA) gDNA and cloned into the backbone vector. For Chr13-copGFP, a similar backbone vector was used (the puromycin resistant gene was replaced by a PGK promoter driving neomycin resistant gene) and inserted with a 832 bp left homologous arm and a 796 bp right homologous arm amplified from the Chr13 safe harbor region where designed TALENs are targeting to.

Another backbone vector containing a P2A peptide, Nanoluc reporter gene fused with a downstream HaloTag, a T2A peptide in frame with a Neomycin resistant gene and a puromycin resistant gene flanked by two loxP sites was designed and constructed for targeting different genes to generate lineage-specific reporter donor vectors. A 1069 bp left homologous arm right before the stop codon of MAP2 gene was PCRed from XCL1, and then cloned into the backbone vector upstream and in frame with the P2A peptide. A 1084 bp fragment was cloned in as right homologous arm to generate the MAP2-Nanoluc-KI donor vector. For the GFAP-Nanoluc-KI donor vector, a 1022 bp fragment right before the stop codon and a 1020 bp fragment after the stop codon was cloned into backbone vector as the left and right homologous arm, respectively.

Reporter iPSC lines generation
------------------------------

Prior to nucleofection, XCL1 iPSC were maintained and passed using Accutase (Life Tech., NJ) to make sure cells are growing in monolayer. On the day of nucleofection, single cell suspension cells were generated using Accutase followed by inactivation and washes with HBSS. 4--6 μg of each pair of TALENs/ZFNs RNA was used for nucleofection using Amaxa Human Stem Cell Nucleofection Kit (Lonza, NJ). After nucleofection, cells were plated in mTeSR™1 medium with 10 μM Rock inhibitor. After 2--5 days recovery, cells were treated with appropriate antibiotics. Specifically, 2.5 μg/ml Puromycin (Life Tech., NJ) for AAVS1-copGFP, MAP2-nanoluc-KI and GFAP-Nanoluc-KI lines and 500 μg/ml Neomycin (Life Tech., NJ) for Chr13-copGFP line. Drug resistant colonies were re-plated at low density for single cell cloning. Colonies growing from single cells were screened by PCRs and sequencing to identify targets with correct donor vector integrations. The verified targets were expanded, stored and characterized for future experiments.

NSC derivation and neural differentiation
-----------------------------------------

Generation of NSC was accomplished as previously described[@b37]. In brief, NSC were derived from iPSC lines and were cultured on Matrigel coated dishes in Neurobasal® medium supplemented with 1% nonessential amino acids, 1% GlutaMAX, 1 x B-27®, and 10 ng/ml bFGF, and passaged using Accutase. Neuronal differentiation was achieved by culturing NSC in Neuronal Primer media (Xcell inc, CA) on a surface coated with Poly-L-ornithine (2 μg/ml, Sigma, St. Louis, MO) and laminin (10 μg/ml, Life Tech., NJ) at a density of 40-50 k/cm2 for 5-6 days until cells become confluent. Then cells were split with Accutase and were plated onto new poly-ornithine/laminin coated dishes at 40-50 k/cm2 in Neuronal Medium (Xcell inc, CA) to continue differentiation for as long as desired. Astrocyte differentiation from NSC was also carried out on culture dishes or glass cover slips coated with Poly-L-ornithine/laminin in Astrocyte Primer medium (Xcell Inc, CA). Medium was changed every other day and cells have to be split at least 3 times before day 15. On day 18, change media to Astrocyte medium (Xcell inc, CA) and continue differentiation for up to day 35.

Cre recombinase-mediated cassette exchange in iPSC and NSC
----------------------------------------------------------

The iPSC or NSC master lines (AAVS1-copGFP or Chr13-copGFP) were plated on Matrigel-coated 35 mm dishes. When cells reached 70--80% confluency, plasmid expressing Cre recombinase and daughter construct were co-transfected using Lipofectamine 3000 (Life Tech., NJ) following manufacturer\'s protocols. For iPSC, cells were selected with appropriate antibiotics to enrich the cell populations with successful cassette exchange. Then drug resistant colonies were further screened using a fluorescence microscope to identify colonies that lost green fluorescence, which were picked, expanded and confirmed by PCR and sequencing.

Immunocytochemistry
-------------------

Immunocytochemistry and staining procedures were as described previously[@b38]. Briefly, cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature, blocked in blocking buffer (10% goat serum, 1% BSA, 0.1% Triton X-100) for one hour followed by incubation with the primary antibody at 4°C overnight in 8% goat serum, 1% BSA, 0.1% Triton X-100. Appropriately coupled secondary antibodies, Alexa488 and Alexa594 (Molecular Probes and Jackson ImmunoResearch Lab Inc.) were used for single or double labeling. All secondary antibodies were tested for cross reactivity and non-specific immune-reactivity. The following primary antibodies were used: Nestin (BD Biosciences, CA), GFAP (DakoCytomation Inc, CA), MAP2 (Sigma, St. Louis) and DCX (Santa Cruz Biotechnology, TX). DAPI was used to label the nuclei.

Luciferase activity measurement and HaloTag detection
-----------------------------------------------------

Determination of Nanoluc luciferase activity was measured using Nano-Glo Assay System following manufacturer\'s protocol (Promega, WI). In brief, 50 μl culture media was mixed with 50 μl of Nano-Glo Assay Reagent in a 96-well plate for an incubation period of 5 min. Then luciferase activity was measured using a Perkin Elmer Fusion-alpha-FP-HT universal microplate analyser. Detection of HaloTag was achieved either in live cells using HaloTag® TMR Ligand following manufacturer\'s protocol (Promega, WI) or in fixed cells using HaloTag antibodies (Promega, WI).

qPCR analysis
-------------

Quantitative PCR reactions were carried out on the CFX96TM Touch Bio-Rad instrument (Bio-Rad, CA) using iTaqTM Universal SYBR® Green supermix (Bio-Rad, CA) according to the manufacturers\' instructions. PCR reactions were conducted in six replicates for each sample. Human ACTB was amplified as internal standards for normalization. Primers specific for "copGFP" were used to amplify donor vector specific products. Amplifications from each samples were calculated using ΔΔCt method and normalized against endogenous ACTB. The copy number of donor vector in each testing line was presented as % mean control using "CAG-GFP-Chr19" line as the control.

Fluorescence-activated cell sorting (FACS)
------------------------------------------

FACS was performed as described in (Liu et al 2012[@b39]). Briefly, NSCs were detached using Accutase and filtered through a 70μM nylon filter. BD FACSAria special order system and FACSDiva 6.1.1 software was used for sorting.
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The experimental strategy of generating AAVS1-copGFP (a) and Chr13-copGFP (b) iPSC lines. Solid black triangles represent the loxP sites and triangles filled with diagonal lines represent Lox sites for RMCE. Testing primer sets for "Left" (Left arm integration test), "Right" (Right arm integration test) and "ORF" (WT ORF test) were also illustrated. (c) Validation of AAVS1-copGFP heterozyte and homozygote clones by junction PCR (upper) and sequencing (lower). (d) Validation of Chr13-copGFP heterozygote clone by junction PCR (upper) and sequencing (lower). (e) Quantification of donor vector copy number via qPCR. Data were presented as %mean control using the previously validated single copy line "CAG-GFP-Chr19" as the 100% control. (f) The copGFP reporter gene in AAVS1-copGFP line was not silenced while differentiated into NSC. Nestin (red) antibody was used to label NSC. Scale bar is 100 μm. (g) The copGFP reporter gene in Chr13-copGFP line was not silenced while differentiated into NSC. Scale bar is 100 μm. (h) FACS analysis of GFP-positive cells in a representative culture (Chr13-copGFP NSC) (right panel) and the non-labeled WT control NSC (left panel).](srep09205-f1){#f1}

![Rapid exchanging of reporter cassettes in safe harbors in iPSC and progenitor cells using a master cell line strategy.\
(a) The experimental strategy of quick and efficient generation of a reporter line via RMCE strategy. The master line, AAVS1-copGFP, was co-transfected with the Cre expression vector and the targeting plasmid DCXp-TagGFP carrying a *lox*2272-DCXpromoter-TagGFP-PGK-Neo-*lox*511 cassette for RMCE with the master line. Cells with successfully targeted recombination were neomycin resistant and expressed TagGFP under the endogenous promoter of DCX instead of the constitutive CAG promoter which is seen in the master line. Testing primers, "swap" (indicating the successful RMCE event) and "parental" (detecting the parental gene which has no swap event) were also illustrated. Solid black triangles represent the LoxP sites and triangles filled with diagonal lines represent Lox sites for RMCE. (b) PCR verification of the selected non-fluorescent colonies. No "parental" PCR products were detected in any of the selected colonies. (c) After Neomycin selection, colonies with no copGFP signal were selected under fluorescent microscope. Overlaying fluorescence channel with the bright field, the cells before swap were all green fluorescent (left). After correct swap, the CAG promoter driving copGFP was replaced by DCX promoter driving TagGFP whose expression is off at the iPSC stage, and cells were no longer fluorescent (right). (d) Neuronal differentiation was induced on iPSC selected above and immunostaining showed positive co-localization of DCX antibody (red) and TagGFP (green), suggesting that the TagGFP is only expressed when the DCX gene is turned on. (e) RMCE strategy was also tested in the progenitor stage (NSC). AAVS1-copGFP master line NSC were co-transfected with Cre expressing vector and the targeting plasmid DCXp-TagGFP as described in (a). Before transfection, all AAVS1-copGFP NSC were green fluorescent (left). After 5 days post transfection, cells lost green fluorescence were detected under microscope (spots pointed by arrows in the right graph). Images shown here are bright field superimposed with fluorescence channel. (f) PCR verification of successful swapping event happened in NSC. Only "parental" PCR band was detectable in NSC before transfection. After RMCE, both "swap" and "parental" PCR products were detected in the mixed culture. Scale bar is 100 μm.](srep09205-f2){#f2}

![Generation of knock-in lines at lineage specific genes.\
(a) Experimental strategy of generating MAP2-Nanoluc-KI. The designed ZFNs cut at the C-term of MAP2 gene before the stop codon and the left and right arms of MAP2 for homologous recombination were designed to be \~ 1 kb located before and after the stop codon, respectively. Testing primer sets for "Left" (MAP2 Left arm integration test), "Right" (MAP2 Right arm integration test) and "ORF" (WT MAP2 ORF test) were also illustrated. (b) Experimental strategy of generating GFAP-Nanoluc-KI. The designed ZFNs cut after the stop codon of GFAP ORF. The left and right arms of GFAP for homologous recombination were designed to be \~ 1 kb located before and after the stop codon, respectively. Testing primer sets for "Left" (GFAP Left arm integration test), "Right" (GFAP Right arm integration test) and "ORF" (WT GFAP ORF test) were also illustrated. (c) Validation of MAP2-Nanoluc-KI clone by junction PCR (upper) and sequencing (lower). (d) Validation of GFAP-Nanoluc-KI clone by junction PCR (upper) and sequencing (lower).](srep09205-f3){#f3}

![Functional validation of lineage-specific expression.\
(a) An increase of luciferase level in culture media was detected in the GFAP-Nanoluc-KI cell lines during directed differentiation into astrocytes. Luciferase levels shown in the bar graph were normalized by the basal level detected at day 0 in GFAP-Nanoluc-KI NSC. (b) Immunostaining showed excellent co-localization of HaloTag (red) and GFAP (green) antibodies in the GFAP-Nanoluc-KI astrocytes (D23 post differentiation). (c) Live staining of HaloTag (red) in the GFAP-Nanoluc-KI cell line before (left) and after (right) directed differentiation into astrocytes. (d) An increase of luciferase level in culture media was detected in the MAP2-Nanoluc-KI cell lines during directed differentiation into neurons. Luciferase levels shown in the bar graph were normalized by the basal level detected at day 0 in the MAP2-Nanoluc-KI NSC. (e) Immunostaining showed excellent co-localization of HaloTag (red) and MAP2 (green) antibodies in the MAP2-Nanoluc-KI neurons (D18 post differentiation). (f) Live staining of HaloTag (red) in the MAP2-Nanoluc-KI cell line before (left) and after (right) directed differentiation into neurons. (g) A series dilution of GFAP-Nanoluc-KI (left) and MAP2-Nanoluc-KI (right) iPSC were plated and luciferase level from the media was tested. The minimum cell amount needed was 10 K for detectable luciferase level of both GFAP-Nanoluc-KI and MAP2-Nanoluc-KI iPSC lines. Scale Bars shown in this Fig are all 100 μm.](srep09205-f4){#f4}

![Summary of different approaches to generate reporter lines in safe harbors and in endogenous lineage-specific genes.\
Genetic modification techniques (ZFNs or TALEN) were used in combination with carefully designed donor vectors in this study to target and modify genes/loci-of-interest in selected parental iPSC lines. The parental iPSC can be well-established control lines, patient-derived lines, pre-engineered lines or master lines for the quick swapping strategy. Depending on the donor vectors and targeting genes/loci, parental iPSC can be engineered or re-engineered into different lines expressing either constitutively active reporter genes at the safe harbors or reporter genes that are in frame downstream of lineage-specific genes. These targeted genetically engineered iPSC can be derived into progenitor cells and further differentiated into different cell types for numerous screening purposes. Additionally, we illustrated a master line cassette exchange strategy which gave us the opportunity to quickly and efficiently generate different reporter lines at the safe harbor sites. Using this strategy, we showed successful targeting to both iPSC and the progenitor cells (solid arrows). Potentially, this strategy can also be applied directly to the differentiated cells (dotted arrow).](srep09205-f5){#f5}
